In the medium-voltage AC/DC distribution networks with distributed renewable sources on islands, a multi-port receiver is the key factor for hybrid power conversion. However, the most used modular multilevel converter (MMC)-based multi-port converters (MCs) face the coordination and complexity challenges due to their double-stage control system and voltage-balancing control of capacitors. In particular, the control system is more unstable and complicated when the control of circulating currents is considered. In this paper, an isolated modular multilevel converter (I-MMC) is used as a receiver, and a unified coordinated control scheme based on the multiple modulation freedoms is proposed. Due to the voltage clamping of high-frequency transformers, there is no concern of the capacitors' voltage-balancing control. Based on the proposed single-stage control system, the unified coordinated control scheme solves the coordination problem of the MMC-based MCs. The multiple modulation freedoms corresponding to an AC port, two DC ports, and three-phase circulating currents can independently control respective targets. The control structure is simplified, while the control freedoms are ensured. Experimental results confirming the performance of the designed control system is shown.
I. INTRODUCTION
In recent years, with the utilization of marine resources, the island micro-grids based on a medium-voltage DC (MVDC) link have become the key nodes connecting the islands, and have gradually developed into the future smart grid prototype [1] , [2] . Compared with the passive distribution networks based on a medium-voltage AC (MVAC) link, this new distribution network has the advantages of high controllability, low transmission loss, and flexible operation [3] - [8] . Also, due to its ability to regulate power and voltage, it can meet the growing demand for island power and prevent load voltage fluctuations.
The associate editor coordinating the review of this manuscript and approving it for publication was Shuaihu Li . The circuit diagram of a medium-voltage AC/DC distribution network is shown in Fig. 1 . With the aim to satisfy the future development of the MVDC load, the MVDC link can be extended on the island to power the DC load directly. Moreover, distributed renewable sources (DRSs) and battery storages (BSs) can be connected to the grid through a lowvoltage DC (LVDC) port. The former is used to reduce the consumption of fossil energy, and the latter is used to prevent the power interruption when the MVDC cable fails. Accordingly, there are three different forms of networks on the island, MVAC, MVDC and LVDC. Connecting the networks, stabilizing the load voltage and coordinating the operation between them are challenges for the receiver on the island. The receiver is required to be equipped with the capability of bidirectional power flow between the ports, providing higher power density, simpler control strategy, and transport convenience [9] - [13] .
The Modular multilevel converter (MMC)-based multiport converters (MCs) are widely used in this field [14] - [16] . An LVDC port can be created by connecting isolated DC/DC converters (IDCs), such as dual-active-bridge (DAB) converter, LLC resonant converter, etc., to the capacitor of submodules [17] - [19] . Using the modular construction and high-frequency transformers (HFTs), the high-power quality and easy transportation and maintenance are ensured, which denotes a great advantage compared to the MCs based on traditional line-frequency transformers [20] , [21] .
However, these converters have certain disadvantages. As shown in Fig. 2 (a) , considering the presence of capacitors in the MMC submodules, an extra voltage-balancing control strategy of capacitors is the key for the stable operation of the MMC-based MCs. Generally, the existing methods take the capacitors in an arm as a whole, sorting capacitor voltages and selecting inserted/bypassed submodules according to the direction of the arm current [22] - [24] . Although the sorting methods guarantee the balance of the capacitor voltages, they produce unnecessary switching transitions, increase the control system complexity and introduce more instability.
The MMC-based MCs require to be controlled by a doublestage control system, namely, an MMC controller and an IDC controller [25] . These two controllers are responsible for their respective control objectives and are combined by the MMC module capacitors. In such a double-stage control system, coordinated between the two stages represents a major challenge. Often, one of the controllers has to be adjusted to accommodate the adjustments of another controller. The stable operation of the entire control system depends on the coordination of the two controllers and the stability of the MMC capacitors [14] , [26] .
It is also necessary to control the circulating currents that denote the internal currents flowing between the converter arms but not outside the converter [27] - [29] . The circulating currents distort the sinusoidal arm currents and increase the RMS value and converter losses. The dynamic behavior of the circulating current and the MVDC current is usually simultaneously governed by a mathematical equation, which is obtained by adding the two arm current equations [30] , [31] . Thus, the circulating currents are controlled defining them as a part of the input current in each arm. The double-stage control system becomes even more complicated when the suppression of circulating currents is considered. This paper adopts the isolated modular multilevel converter (I-MMC) that is more suitable as a receiver [32] . As shown in Fig. 2 (b) , a single-stage control system based on multiple modulation freedoms is proposed, which can effectively solve the above-mention problems.
The I-MMC eliminates the module capacitors used in the MMC, and the voltage of submodules is clamped by HFTs. Therefore, the voltage-balancing control strategy of capacitors can be omitted, which makes controller design simpler and improves system stability.
Based on the proposed single-stage control system, a unified coordinated control scheme can be designed to control all targets. Unlike the MMC-based MCs, which are based on the module capacitors to control the external ports, this single-stage control system can directly control each port by virtue of the AC/DC double modulation freedoms. Thus, the coordination problem of the double-stage control system can be effectively solved.
Considering the suppression of circulating currents, the multiple modulation freedoms, corresponding to an AC port, two DC ports, and three-phase circulating currents, are proposed. In the proposed strategy, a single-stage control system under multiple-control-targets conditions can simplify the control structure while ensuring control freedoms.
The remainder of this paper is organized as follows: the topology and the operating modes of the receiver based on the I-MMC is discussed in Section II. Section III describes the proposed mathematical model based on the multiple modulation freedoms. The unified coordinated control scheme based on the proposed model is introduced in Section IV. Section V presents the experimental results, to show the new control characteristics of the proposed model and control strategy.
II. TOPOLOGY STRUCTURE AND ANALYSIS OF OPERATING MODES OF I-MMC-BASED RECEIVER
A. TOPOLOGY STRUCTURE Fig. 3 illustrates the topology structure of the I-MMC as an island MVDC link receiver and its isolated submodule. On one side, the submodules are connected in cascade, forming an MVDC port, and on the other side, they are connected in parallel, forming an LVDC port. The MVAC port is formed between the arm inductances.
The I-MMC has six arms. Assume that the ratio of HFTs is 1. The voltage of each arm can be obtained as follows:
where v ju and v jl are the upper and lower arm voltages of phase j, respectively; V dcL is the voltage of LVDC port; n is the number of submodules per arm; D is the DC modulation freedom corresponding to the DC ports; d ju and d jl are the upper and lower AC modulation freedoms corresponding to the AC port. By adjusting these double modulation freedoms, independent control of each port can be implemented.
B. ANALYSIS OF OPERATING MODES
The key function of the I-MMC-based receiver is to transfer the stiffness among each port. It can react to the presence of voltage sources on any one or more ports and transfer the grid supporting effect to the other ports wherever the sources and loads are located. The I-MMC-based receiver has two operating modes, the MVDC link grid-connected mode and the MVDC link offgrid mode, as illustrated in Fig 4. These two modes can ensure the stable operation of the island micro-grid under different conditions.
1) MVDC LINK GRID-CONNECTED MODE
In this mode, the MVDC port is connected to the MVDC cable. The I-MMC-based receiver not only transmits power to each port like a crossroad, but also maintains the voltage of the LVDC port and the voltage and frequency of the MVAC port.
In such a case, the I-MMC-based receiver appears as the equivalent of a controlled current source on the MVDC port and controlled voltage source on the MVAC and LVDC ports respectively.
According to (1) , the relationship between the MVDC and LVDC ports can be expressed as follows:
Similar to a DC/DC transformer, the LVDC port can be controlled through the DC modulation freedom D.
According to (1) and (2), the relationship between the MVDC and MVAC ports can be expressed as follows:
Since D is responsible for controlling the LVDC port, the MVAC port can be controlled through the AC modulation freedom d j the same as a conventional MMC.
The developed equations expressed in (2) and (3) provide an opportunity to independently control the LVDC and MVAC ports through a single-stage converter.
2) MVDC LINK OFF-GRID MODE
The converter operates in this mode when the MVDC cable fails. At this time, the BS connected to the LVDC port changes from a load to a voltage source and outputs power. The I-MMC-based receiver transmits power to the other two ports and maintains the corresponding voltage and frequency.
Similar to the previous description, the I-MMC can control the MVDC port through the DC modulation freedoms D.
According to (2) and (3), the relationship between the LVDC and MVAC ports can be expressed as follows:
The MVAC port can be controlled through the AC modulation freedom d j .
It can be concluded that D and d j provide the double modulation freedoms of DC and AC ports. Control on one port does not affect the other ports. Thus, direct decoupling between AC and DC ports can be realized. The next section will discuss the mathematical model of the three ports and the circulating currents of the I-MMC-based receiver.
III. MATHEMATICAL MODEL OF I-MMC BASED ON MULTIPLE MODULATION FREEDOMS A. MATHEMATICAL MODEL OF MVAC PORT BASED ON AC MODULATION FREEDOM
According to the structure presented in Fig. 3 and ignoring the resistance of arms, the dynamic behavior of the six-arm currents can be expressed as follows:
and v c are equivalent phase voltages of the MVAC loads; V n0 refers to the potential of the virtual MVDC link neutral; L o refers to the equivalent inductance of the MVAC line; L m refers to the arm inductance; I ∈ IR 3×3 ; and the symbol ⊗ denotes Kronecker product.
As described in (6), the arm currents can be divided into the following components: 1) ac-side currents, 2) dc-side current, and, 3) circulating currents.
where i j and i cirj are the ac-side currents and internal circulating currents of phase j, respectively; I dcM is the MVDC current.
Considering that v a + v b + v c = 0 in a three-phase threewire system, the following equation can be obtained:
Instead of using the arm currents as the state variables, the three-phase ac-side currents are used as the state variables in the proposed model. By substituting (1), (6) , and (7) into (5), the dynamics of the MVAC currents can be expressed as follows:
In (8), the first equation is used to control the MVAC currents when the I-MMC-based receiver is operating in the MVDC link off-grid mode. The second equation is used to control the MVAC currents when the I-MMC-based receiver is operating in the MVDC link grid-connected mode.
The mathematical model given by (8) indicates that the six AC modulation freedoms correspond to the three-phase MVAC currents. Independent control of the MVAC port can be achieved by controlling these six AC modulation freedoms.
B. MATHEMATICAL MODEL OF MVDC AND LVDC PORTS BASED ON DC MODULATION FREEDOM
According to the structure presented in Fig. 3 , the voltage loop of the MVDC port can be expressed as follows:
The MVDC current can be obtained as follows:
By substituting (1) and (9) into (10), the dynamic of the MVDC current can be expressed as follows:
To obtain the dynamic of the LVDC current, (11) can be transformed as follows:
I dcL consists of low-frequency and high-frequency components. The current loop of the LVDC port mainly controls the low-frequency components rather than the high-frequency components. Therefore, I dcL can be approximately equal to nDI dcM through a digital low-pass filter. At the same time, D is usually set to be close to 1, thus, I dcM /D is approximately equivalent I dcL /n. Then, the dynamic of the LVDC current can be approximated as follows:
Equation (11) is used to control the MVDC current when the I-MMC-based receiver is operating in the MVDC link offgrid mode. Equation (13) is used to control the LVDC current when the I-MMC-based receiver is operating in the MVDC link grid-connected mode.
These two equations indicate that D corresponds to the MVDC and LVDC current in different modes respectively. Independent control of the MVDC or LVDC current can be implemented by D in different modes.
C. MATHEMATICAL MODEL OF CIRCULATING CURRENTS BASED ON CIRCULATING CURRENT MODULATION FREEDOM
The circulating currents flow through the three-phase units of the converter without affecting the external port. The frequency of the circulating currents is mainly twice the output frequency. These currents could be minimized to reduce losses and improve controllability, or they could be controlled to specific values in order to optimize other performance of the converter.
In the proposed model, the circulating currents are controlled independently through the circulating current modulation freedom, which makes the controller design simpler.
According to (6) , the circulating currents are defined as follows:
By substituting (11) and (14) to (9), the dynamic of the circulating currents can be expressed as follows:
where v cirj is the inner unbalance voltage of phase j. The circulating currents i cirj can be controlled by regulating the unbalance voltage v cirj . Therefore, the arm voltage references are given as:
Since the same voltage v cirj is subtracted from both v juref and v jlref , the MVAC port is not affected. Meanwhile, the reference values of the three-phase circulating currents is collected on the DC side and cancel each other out, so the DC side is also unaffected.
Instead of the arm voltage shown in (16) , it can be expressed as follows with the multiple modulation freedoms:
The modulation freedoms, D, d ju , d jl , d cirj , correspond to the DC ports, AC port, and internal circulating currents, respectively. A single-stage control frame can be established and the independent control of multiple targets can be realized by adjusting the corresponding freedom. Note that due to the structure and modulation strategy of the I-MMC, the freedoms must satisfy d ju + d jl − d cirj ≤ D.
The expressions of the three-phase circulating currents i cirj defined in (14) are given as follows:
where I cir is the peak value of the circulating currents; ω is the output frequency; and ϕ 0 is the initial phase angle.
Notably, the phase sequence of the circulating currents is a − c − b. Thereby, the dynamics of the circulating currents expressed in (15) can be rewritten as follows:
According to the mathematical model of the three ports and circulating currents, the design of the single-stage control system is discussed in the next section.
IV. UNIFIED COORDINATED CONTROL SCHEME BASED ON MULTIPLE MODULATION FREEDOMS
The I-MMC-based receiver does not require an additional voltage-balancing control strategy of capacitors, which simplifies the control system and improves its stability. Compared with the double-stage control system used in the MMC-based MCs, the single-stage control system combined with multiple modulation freedoms can improve the coordination of the control system in the case of multiple control targets.
The control targets have three frequencies, namely, DC-frequency, line-frequency, and double line-frequency in two operating modes. After transforming them to the d − q frame, the proportional-integral (PI) controllers can be used to control different targets. By transforming the model presented in the previous section into the d −q frame and converting it to the frequencydomain, the following two equations can be obtained:
Equation (20) is the frequency-domain model of the I-MMC operating in the grid-connected mode, and (21) is the frequency-domain model of the I-MMC operating in the offgrid mode. Based on these two equations, Fig. 5 shows the unified coordinated control strategy for the I-MMC operating in the two modes.
A. MVAC PORT CONTROL
In both operating modes, the MVAC port is operating in the island mode. Thus, the reference values of the MVAC currents i a , i b , and i c are generated according to the voltage control loop and are tracked by the sample values. The feedforward components and d − q decoupling components can be added into the forward channel, which reduces current steadystate error and decuple the coupling relationship between the d-axis and q-axis [33] - [35] . Notably, in the grid-connected mode, the output of the MVAC controller requires to be multiplied by the output of the LVDC controller to obtain a pure AC modulation ratio.
B. DC PORTS CONTROL
In the grid-connected mode, the BS of the LVDC port acts as a load that receives the power. In the off-grid mode, the BS acts as a voltage source that supplied the MVDC port with power. In both operating modes, the reference value of the current of the controlled DC port can be generated by the voltage loop control.
Instead of controlling the submodule capacitor voltages in order to control the MVDC port, or controlling the LVDC port based on the submodule capacitor voltages, the I-MMC can directly control the DC ports by the DC modulation ratio D, like a DC/DC converter. Note that in the grid-connected mode, in order to obtain the reference signals of arms, the output of the LVDC controller needs to be the reciprocal of the original value.
C. CIRCULATING CURRENTS CONTROL
Theoretically, if the control target is simply to eliminate the circulating currents, then the reference values i cirdref and i cirqref can be set to zero. Alternatively, the circulating currents can also be appropriately controlled to optimize the converter properties. For these cases, the circulating currents can also track the reference values determined by the control targets. Similarly, in the grid-connected mode, the output of the circulating currents controller should be multiplied by the output of the LVDC port controller to obtain the pure circulating currents modulation ratio.
D. MODULATION
After obtaining the modulation ratio of each target, the corresponding reference signals of the six arms can be obtained by (17) . The I-MMC can adopts a phase-shift pulse width modulation (PSPWM) scheme, which ensures the bidirectional flow of power between the three ports and achieve the effect of high equivalent switching frequency at a lower switching frequency [32] .
V. EXPERIMENTAL RESULTS
To verify the performance of the single-stage control system of the I-MMC, a scaled down prototype with four submodules of each phase is implement. Fig. 6 shows the experimental platform. In the experiment, a digital DC voltage source is VOLUME 8, 2020 utilized as a MVDC network on the MVDC port or a battery storage on the LVDC port. The I-MMC control algorithms are programed in DSP-TMS320F28335 and FPGA-Cyclone IV. The gating signals are sent directly to the converter by optic fibers using the digital ports. The circuit parameters of the experiment are listed in Table I .
A. MVDC GRID-CONNECTED MODE
In this mode, the power is transmitted through the MVDC cable to all ports of the I-MMC. Changes in the MVAC load and LVDC load are shown in Fig. 7 , in order to evaluate the performance of the single-stage control system based on multiple modulation freedoms on the MVAC and LVDC ports. Fig. 7 (a) shows a load step in the MVAC port from r ac = 47 to r ac = 18 at t 1 , while the MVAC current immediately surges from i ac = 1.7A to i ac = 4.44A. The MVAC voltage is fixed at the reference value v ac = 80V with a small disturbance at t 1 , and the MVAC power changes from P ac = 204W to P ac = 533W. The load step of the MVAC port does not lead to obvious impact on the LVDC port, and the LVDC port still maintains its reference value. In Fig. 7 (b) , it is shown that the circulating currents are suppressed to zero. Fig. 7 (c) shows a load step in the LVDC port from r dcL = 27 to r dcL = 18 at t 2 , while the LVDC current immediately surges from I dcL = 3.7A to 5.56A. The LVDC voltage is fixed at the reference value V dcL = 100V with a small disturbance at t 2 , and the LVDC power changes from P dcL = 370W to P dcL = 556W. Similarly, the power change of the LVDC port does not affect the MVAC port. Fig. 7 (d) shows the circulating currents, which is also suppressed to zero.
B. MVDC OFF-GRID MODE
In this mode, the MVDC port is out of the network. BS connected by the LVDC port changes from the load to a voltage source. The LVDC port powers the MVDC and MVAC loads. Changes in the MVAC load and MVDC load are shown in Fig. 8 , in order to evaluate the performance of the singlestage control system based on multiple modulation freedoms on the MVAC and MVDC ports. Fig. 8 (a) shows a load step in the MVAC port from r ac = 47 to r ac = 18 at t 3 , while the MVAC current immediately surges from i ac = 1.7A to i ac = 4.44A. The MVAC voltage is fixed at the reference value v ac = 80V with a small disturbance at t 3 , and the MVAC power changes from P ac = 204W to P ac = 533W. The load step of the MVAC port does not lead to obvious impact on the MVDC port, and the MVDC port still maintains its reference value. In Fig. 8 (b) , it is shown that the circulating currents are suppressed to zero. Fig. 8 (c) shows a load step in the MVDC port from r dcM = 53 to r dcM = 18 at t 4 , while the MVDC current immediately surges from I dcM = 3.58A to 5.94A. The MVDC voltage is fixed at the reference value V dcM = 190V with a small disturbance at t 4 , and the MVDC power changes from P dcM = 680W to P dcM = 1128.6W. Similarly, the power change of the MVDC port does not affect the MVAC port. Fig. 8 (d) shows the circulating currents, which is also suppressed to zero. 
C. INDEPENDENT CONTROL OF CIRCULATING CURRENTS
A change in the circulating currents reference is made in order to evaluate the performance of the single-stage control system based on multiple modulation freedoms for these currents. Fig. 9 shows a change in the circulating currents, at t 5 , from i cirj = 0A to a sinusoidal three-phase waveform of amplitude of i cirj = 1A and a frequency of 100Hz. Fig. 9 (a) shows the circulating currents, where the dynamical response can be seen. Fig. 9 (b) shows the voltages and currents of the MVAC and LVDC ports, which are near the reference during all the operation. No perturbation when the circulating currents change. Experimental results show that the proposed unified coordinated control strategy achieves independent control of the MVAC port, MVDC port, LVDC port, and circulating currents under a single-stage control framework. The response of the control system is fast and the decoupling between the controlled variables is realized.
Compared with the existing double-stage control system applied to the MMC-based MCs, the proposed control system does not rely on the coordination between the two stages and the stability of the capacitors of MMC submodules. And the capacitors' voltage-balancing control strategy is eliminated. The control system is simplified, stability is improved, and the freedoms of multiple controlled variables are guaranteed.
VI. CONCLUSION
For a medium-voltage AC/DC hybrid distribution network with distributed renewable sources on the island, this paper adopt an I-MMC as the receiver and proposed a unified coordinated control scheme with multiple modulation freedoms. The control system eliminates the capacitors' voltage-balancing control, making it simplified. The singlestage control system optimizes in terms of coordination compared to the double-stage control system of the MMC-based MCs. Multiple modulation freedoms corresponding to one AC port, two DC ports, and three-phase circulating currents can independently control multiple targets under the singlestage control system. The mathematical models of ports and circulating currents is proposed. The experimental results prove that this control scheme simplifies the control structure while ensuring control freedoms.
